Abstract: Priapism, a persistent penile erection lasting longer than 4 hours and unrelated to sexual activity, is one of the most common emergencies treated by urologists. Priapism can be categorized as ischemic, recurrent ischemic (stuttering), and non-ischemic. Advances in understanding the pathophysiology of various types of priapism have led to targeted management strategies. This review aims to provide an up-to-date picture of the pathophysiology and management of priapism. A search of Medline and PubMed for relevant publications using the term "priapism" was performed. In addition to the "classical" articles, emphasis was placed on publications from January 2013 to September 2016 to evaluate the most recent literature available.
Introduction
Priapism is one of the most common urologic emergencies. Priapism is defined as a prolonged and persistent penile erection that is unrelated to sexual interest or stimulation and lasts longer than 4 hours in duration (1) . Three main types of priapism have been defined: ischemic (low flow), non-ischemic (high flow), and stuttering (recurrent). The following paper will briefly review the pathogenesis and management options for treating priapism.
Several clinical advances have been made that allow for rapid treatment of the acute episode of ischemic, low-flow priapism. Rapid treatment is vital to ensure the least amount of long-term disability. It is recommended that treatment be initiated with aspiration and injection of a diluted alphaadrenergic agent (1) . If this is ineffective or if the duration of the episode has been prolonged, it is recommended that a T shunt procedure be performed. One of the most frequent complications of the surgical treatment of low-flow priapism is shunt failure (2) . Exposure of blood to collagen during surgical creation of the shunt can lead to clotting and premature shunt closure (2) . Perioperative anticoagulation should be initiated immediately after identifying the need for a surgical shunt procedure and continued into the postoperative period. Timely anticoagulation will minimize shunt failure and maximize treatment success (2) .
For non-ischemic priapism, treatment options include observation, selective arterial embolization, and surgical intervention as the last resort (1) . Current treatment options that we recommend include treatment with antiandrogens, such as bicalutamide or ketoconazole, or GnRH agonists for 3-4 months (3). This avoids the need for invasive intervention, and this treatment has minimal associated morbidity with transient side effects (3) .
Finally, in patients who present with recurrent priapism, androgen ablation therapy is an effective and proven therapy. However, in young men with sickle cell disease, treatment with low dose type 5 phosphodiesterase inhibitors seems to be a better alternative (4) .
Epidemiology
Ischemic priapism is the most common presentation of priapism, with an incidence of up to 5.34 per 100,000 men per year (5) . Ischemic priapism is most often idiopathic, and the disorder disproportionately affects patients with sickle cell disease (5). Non-ischemic priapism, on the other hand, is usually the result of perineal trauma and occurs less frequently than ischemic priapism (4).
Ischemic priapism

Pathogenesis
Ischemic priapism is usually the result of occluded venous outflow from the corpora cavernosa, which prevents arterial inflow and leads to tissue ischemia, endothelial and smooth muscle damage, and subsequent fibrosis (1, 6) . Etiologies of ischemic priapism include malignancy, medications such as phosphodiesterase-5 inhibitors (7), trazadone (8) and amphetamines (9) , spinal cord injury (10) , and hematologic conditions, such as sickle cell disease and glucose-6-phosphate deficiency (Figure 1) (11, 12) . Most often ischemic priapism is idiopathic. Sickle cell disease patients tend to present with recurrent ischemic (stuttering) priapism and are the focus of much of the research into the underlying molecular mechanisms of the disorder (13) .
Management
Erectile dysfunction is a common sequela of ischemic priapism. This is particularly true among sickle cell disease patients, who are up to five times more likely to develop ED compared to non-sickle cell disease patients (14) . Given the severity of this outcome, early recognition of the condition and prompt management are essential. Ischemic priapism is typically managed within the first 24 hours with corporal aspiration and intracavernous injection of an alphaadrenergic agent such as diluted phenylephrine, the preferred agent for early management ( Figure 2) (15) . Other vasoactive agents, such as oral terbutaline, have been deemed less effective than phenylephrine (16) . Beyond 24 hours, or if conservative management fails, surgical intervention is usually required for detumescence. Typically, a distal shunt between the corpora and the glans is created using a percutaneous (Ebbehoj or Winter shunt, T-shunt) or open (Al-Ghorab) procedure (15, 17, 18) . The choice often depends on surgeon familiarity but should proceed from least to most invasive.
For patients with an ischemic priapism duration of longer than 2 days, severe intracavernous tissue edema may prevent effective blood flow from the proximal to distal penis (6) . 
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In the past, proximal shunt (19) and cavernosum-venous shunt (20) have been the standard approaches. However, these technically challenging and lengthy procedures have been replaced by tunneling procedures developed by Lue et al. (18, 21) and Burnett et al. (17, 22) . It is important to recognize that all the above procedures require incision through the tunica albuginea and expose collagen to coagulation factors in the penile blood and thus activate the blood-clotting cascade. Perioperative anticoagulation is therefore an important key to successful resolution of priapism ( Figure 3 ) (2) .
Early penile prosthesis implantation has also been advocated for patients with an ischemic episode lasting greater than 48 hours before intervention (23) . Early implantation within 2 weeks of the ischemic priapism episode results in fewer post-operative complications, such as erosion or infection, than implantation that is delayed by 2 or more months, and patients generally have higher satisfaction and experience less penile shortening (23) . Immediate implantation of a malleable penile prosthesis allows for upsizing with an inflatable prosthesis without significant difficulty at a later operation (24) and may lead to long-term cost savings and decreased utilization of hospital resources (25) .
Non-ischemic (high-flow) priapism
Pathogenesis Non-ischemic priapism is usually caused by perineal or penile trauma and can occur after shunt procedures for management of ischemic priapism (7, (26) (27) (28) . Following trauma, initial vascular injury to the cavernosal artery or helicine arteries is exacerbated by nocturnal erections or erections related to sexual activity (3, 28) . Ultimately, high-flow priapism occurs when a fistula forms between the artery and the sinusoidal spaces of the corpora cavernosa. The resultant unregulated arterial inflow causes a persistent erection that is generally painless because venous drainage is not compromised and penile tissue does not become ischemic (27) .
Management
Initial management of non-ischemic priapism is typically observation and penile compression, as the condition may self-resolve and the tissue is not at risk for ischemic necrosis ( Figure 4) (1). Failure of conservative therapy typically prompts treatment via selective temporary arterial embolization using autologous clot or gel foam, or permanent arterial embolization through coiling or n-butyl-2 cyanoacrylate (1, 4, 12, 29, 30) . Computed tomographic angiography can be used to facilitate identification of the damaged vessel in three dimensions (31) . More recently, percutaneous direct puncture embolization with n-butyl-2 cyanoacrylate has been used to successfully treat high flow priapism recurrence after failure of traditional arterial embolization (32) .
Non-invasive medical therapy with androgen ablation can provide an effective alternative to the above invasive procedures (3, 28) . In a study of seven men with high flow priapism, treatment with leuprolide, bicalutamide, and fluconazole led to resolution of symptoms in six men after a treatment period ranging from 2 to 6 months (3). Androgen blockade is thought to reduce sleep-related erections and facilitate closure of vascular injury after trauma (3). These results have prompted a treatment algorithm that proposes trial of androgen ablation prior to embolization if the highflow priapism is caused by damage to the cavernous artery (28) .
Stuttering (recurrent ischemic) priapism
Pathogenesis
Stuttering priapism is defined as periodic episodes of prolonged erections that may lead to recurrent ischemic priapism (1) . Episodes often occur during sleep or with sexual stimulation, and may resolve spontaneously (7). Because stuttering priapism tends to affect sickle cell disease patients more commonly than non-sickle cell disease patients (33), microvascular occlusion due to hemolysis and stasis of sickled erythrocytes is thought to be a significant contributing factor. Sickle cell patients with priapism have higher rates of hemolysis than sickle-cell men without priapism, as well as a higher red blood cell disaggregation threshold and lower red blood cell deformability, a pattern similarly found in sickle cell patients who experience leg ulcers and glomerulonephropathy (34) . More recently, animal models and clinical studies have revealed a role for abnormal nitric oxide (NO) and cyclic guanosine monophosphate (cGMP) signaling and regulation in the pathogenesis of stuttering priapism (35) (36) (37) (38) (39) (40) .
Normal erectile physiology involves the generation of NO by neuronal nitric oxide synthase (nNOS) and endothelial nitric oxide synthase (eNOS) in response to sexual stimulation (36, 41) . NO diffuses into cavernosal smooth muscle, causing relaxation and sinusoidal vasodilation through downstream cGMP signaling (42) . c G M P i s t h e n h y d r o l y z e d a n d i n a c t i v a t e d b y phosphodiesterase type 5 (43), leading to smooth muscle vasoconstriction and return of the penis to its flaccid state. The normal erectile response and detumescence is achieved through a balance of these signaling molecules, and dysregulation can result in either erectile dysfunction or priapism (41, 44, 45) .
Improper PDE5 regulation and subsequent aberrant NO signaling appears to be an important cause of stuttering priapism ( Figure 1) (35) . Production of PDE5 is cGMPdependent, and a basal decrease in the activity of cGMP leads to transcriptional downregulation of PDE5, resulting in dysfunctional termination of the erectile response (40) . The low basal levels of cGMP are thought to stem from decreased bioavailability of NO, which may be due to endothelial damage and decreased eNOS activity and scavenging of NO by reactive oxygen species or free hemoglobin released through hemolysis, particularly in sickle cell disease patients (45) . In a mouse model of sub-acute hemolysis where mice were transplanted with sicklephenotype bone-marrow 3-4 months prior to study, a priapism phenotype with increased erection frequency and intra-cavernosal pressure was able to be demonstrated (46) . The results suggest that the hemolysis need not be chronic to lead to priapism. Subacute hemolysis was associated with decreased activity of nitrous oxide synthase, protein kinase G, and PDE5, and increased reactive oxygen species compared to control mice that did not receive sickle marrow transplantation (46) . Other signaling pathways involving adenosine, RhoA/ rock and opiorphin may also be involved in the pathogenesis of priapism (47, 48) . Adenosine deaminase-deficient mice cannot convert adenosine to its inactive form, and these mice demonstrate a priapism phenotype (48) . In a mouse model of sickle cell disease, CD73, a molecule responsible for converting adenosine mononucleotides to adenosine, is upregulated compared to non-sickle cell mice (49) . Elevation of CD73 is also found in an in-vitro model of corporal hypoxia, and is dependent on the hypoxia-induced upregulated expression of sialorphin, a murine homologue of opiorphin (49) . Corporal smooth muscle cells from a rat model of sickle cell disease demonstrate an upregulation in sialorphin in response to hypoxic conditions that leads to an increased expression of hypoxia inducible factor 1A (Hif-1α) and the A2B adenosine receptor (A2Br) (50) . A2Br signaling reduces PDE5 gene expression in two mouse models of priapism (sickle cell disease mice and adenosine deaminasedeficient mice), and this is dependent on Hif-1α (51).
Management
As the mechanisms underpinning recurrent ischemic priapism become clearer, additional opportunities for pharmacologic intervention and management will arise. The primary goal of pharmacologic management of recurrent ischemic priapism is to prevent additional episodes that increase the risk of progression to a major ischemic priapism event (47) . The most common pharmacologic therapies for stuttering priapism involve hormone regulation, and more recently, PDE5 inhibitors (52, 53) .
Reducing circulating testosterone levels is believed to improve stuttering priapism by limiting the erectionpromoting effect of the androgen (12) . This can be accomplished through GnRH agonists, 5-alpha reductase inhibitors (54), or ketoconazole. In a retrospective review of 17 patients with recurrent ischemic priapism, temporary hypogonadism was induced with 6 months of ketoconazole treatment. Ninety four percent of patients reported resolution of priapism while on treatment, and 29% reported no recurrence after discontinuation of treatment (55) . On the other hand, hypogonadal men supplemented with topical testosterone do not experience higher rates of priapism (56) , suggesting that modulating testosterone may be less beneficial than other molecular targets. While testosterone deficiency and priapism are common in sickle cell disease patients, a cross-sectional study of 50 men with sickle cell disease was not able to demonstrate an association between testosterone deficiency and priapism (57) .
PDE5 inhibitor therapy represents a somewhat paradoxical approach to priapism management, as the drug is typically reserved for patients with erectile dysfunction. However, in a mouse model of priapism, low dose continuous PDE5 inhibitor therapy has been shown to normalize otherwise dysregulated PDE5 levels and decrease the frequency of priapism (38) . Sustained NO releasing compounds have also been shown to normalize activated eNOS and other biochemical elements of erection signaling in mouse models of priapism (37) . In a rat model of ischemic priapism, treatment with pentoxyfylline, a non-selective PDE inhibitor, reduced collagen density in the corpus cavernosum, possibly through mechanisms relating to inhibition of TGF-β (58) . Sildenafil may provide a vasculoprotective effect through increased expression of eNOS and inhibition of NADPH oxidase, the enzyme responsible for the production of the free radical superoxide (39) . In the mouse model of subacute hemolysis described earlier, daily administration of sildenafil for 3 weeks has been shown to increase NO synthase and PDE5 activity, decrease reactive oxygen species, and lower intracavernous pressure during erection compared to untreated sub-acute hemolysis mice (46) . The therapeutic effect of long-term low dose hydroxyurea to treat priapism in sickle cell patients may involve the NO signaling pathway (59) .
In a retrospective evaluation of seven patients with recurrent priapism, daily sildenafil or tadalafil has been shown to reduce episodes of stuttering priapism (52) . Most recently, a double-blinded placebo-controlled randomized controlled trial of 13 sickle cell disease patients with recurrent ischemic priapism was conducted with an 8-week blinded phase followed by an 8-week open-label phase during which all patients received treatment with daily sildenafil 50 mg. The primary outcome was a 50% reduction in the number of weekly priapism episodes. No difference was found between the sildenafil group and placebo group during the blinded phase of the study. During the open-label phase of the study after five patients were lost to follow-up, 5 of 8 patients by intention to treat analysis and 2 of 3 patients by per-protocol analysis experienced a 50% reduction in weekly priapism episodes (53) . Though the results of this RCT were somewhat equivocal, current expert recommendation for patients with stuttering priapism is treatment with sildenafil 50 mg daily, taken at a time completely unassociated with Transl Androl Urol 2017;6(2):199-206 tau.amegroups.com © Translational Andrology and Urology. All rights reserved. sexual activity (47) . Higher doses may increase the risk of vaso-occlusive crisis in sickle cell disease patients (47, 60) .
Conclusions
Further studies will continue to reveal the molecular mechanisms for priapism and suggest new therapeutic targets. Prevention of additional ischemic episodes remains the goal of therapy, and larger clinical trials will provide a more comprehensive evidence base from which stronger conclusions and recommendations can be drawn.
